We report here the NMR-derived structure of the binary complex formed by the interleukin-2 tyrosine kinase (Itk) Src homology 3 (SH3) and Src homology 2 (SH2) domains. The interaction is independent of both a phosphotyrosine motif and a proline-rich sequence, the classical targets of the SH2 and SH3 domains, respectively. The Itk SH3/SH2 structure reveals the molecular details of this nonclassical interaction and provides a clear picture for how the previously described prolyl cis/trans isomerization present in the Itk SH2 domain mediates SH3 binding. The higher-affinity cis SH2 conformer is preorganized to form a hydrophobic interface with the SH3 domain. The structure also provides insight into how autophosphorylation in the Itk SH3 domain might increase the affinity of the intermolecular SH3/SH2 interaction. Finally, we can compare this Itk complex with other examples of SH3 and SH2 domains engaging their ligands in a nonclassical manner. These small binding domains exhibit a surprising level of diversity in their binding repertoires. 
Introduction
The non-receptor Interleukin-2 tyrosine kinase (Itk) is an important immunological protein involved in regulating T-cell receptor (TCR) response to antigen stimulation 1 , actin cytoskeletal rearrangement 2; 3 and more recently, Itk has been implicated in the HIV replication pathway 4 . Itk and the related Tec family kinases (Btk, Txk, Tec and Bmx) all contain the common SH3-SH2-Kinase domain structure and, with the exception of Txk, also contain an N-terminal Pleckstrin homology (PH) domain 1 . The Src homology 2 and Src homology 3 (SH2 and SH3) domains are well characterized protein binding domains involved in protein regulation, substrate recognition, and cell signaling 5 . Classical ligands for the SH3 domain consist of proline-rich sequences 6 , and SH2 domains typically bind phosphotyrosine (pY)-containing motifs 5; 7; 8 . While these canonical sequences constitute the most well understood targets of the SH3 and SH2 domains, alternative binding interactions for these modular domains are emerging 9; 10; 11; 12; 13; 14; 15; 16; 17; 18; 19; 20; 21; 22; 23; 24 .
In this vein, the SH3 and SH2 domains of Itk participate in both classical ligand binding 25; 26 and non-classical interactions 27 . We previously reported solution NMR work that defined a specific intermolecular interaction between the SH3 and SH2 domains of Itk 27 . In that work, intermolecular self-association of the Itk dual domain fragment, SH3-SH2, is described and interaction surfaces on both domains were mapped using chemical shift perturbations and differential isotopic labeling. Chemical shift mapping indicated that the SH3/SH2 interaction involves the classical ligand-binding cleft of the Itk SH3 domain and a surface that only partially overlaps the canonical ligand-binding surface of the Itk SH2 domain. The interaction is independent of phosphotyrosine, and the proline-rich sequence that defines classical SH3 targets is not present within the Itk SH2 domain. Thus, the Itk SH3/SH2 interaction represents an alternative mode of binding for each of these well-studied domains.
Additional molecular details for the Itk SH3/SH2 interaction emerged following complete structure determination of the Itk SH2 domain 28 . The Itk SH2 domain contains a rather unique residue, Pro 287, which interconverts between the cis and trans imide bond conformers in solution. This exchange process leads to two distinct structures of the Itk SH2 domain since cis/trans isomerization about the Asn 286-Pro 287 imide bond induces conformational differences across one-third of the domain surface. As a result, the cis and trans imide bond containing Itk SH2 conformers (also referred to as cis SH2 or trans SH2) exhibit different ligand binding properties. The classical phosphotyrosine ligand binds preferentially to the trans imide bond containing SH2 domain and the Itk SH3 domain binds with greater affinity to the cis imide bond containing SH2 domain 29 . The structure of a classical phosphotyrosine containing peptide ligand bound to the trans Itk SH2 domain has been solved 26 providing insight into why this canonical SH2 ligand prefers the trans imide bond containing SH2 conformer over cis. The structure of the Itk SH3 domain bound to the cis imide bond containing conformer of the Itk SH2 domain reported here now provides a more complete picture of proline-driven molecular recognition within this small domain.
In due course, the intermolecular Itk SH3/SH2 interaction must be understood in the context of the full length Itk protein. In addition to the intermolecular interaction between SH3-SH2 fragments of Itk 27 , the Itk PH domain also interacts with itself in an intermolecular fashion 30 and the structure of the Btk PH domain reveals a dimeric arrangement 31 . Moreover, the other Tec family kinases; Btk, Tec and Txk, exhibit intermolecular self-association of their non-catalytic regulatory domains 32; 33; 34; 35 . In the context of the intermolecular interactions reported for these domain fragments, it is notable that full length Itk readily coimmunoprecipitates with itself 30; 36 and Itk clustering at the T cell receptor has been observed upon T cell activation 37 . We therefore hypothesize that the Itk regulatory domains mediate a functionally relevant self-association of full length Itk. The structure of the Itk SH3/SH2 complex reported here is a step toward gaining an understanding of the molecular details of Itk intermolecular self-association. Such information should ultimately translate into a better understanding of how these interactions mediate Itk signaling in the T cell.
Results
NMR solution studies on the dual domain SH3-SH2 fragment of Itk indicated an intermolecular interaction that is dependent on the aromatic binding cleft of the SH3 domain (mutation of the conserved W208 in the Itk SH3 domain abolishes the intermolecular interaction between SH3-SH2 fragments) 27 . In this early work 27 , the SH3-SH2 containing fragment of Itk was considered primarily dimeric. This conclusion was based on measured NMR linewidths and NMR diffusion data both of which would have been weighted toward the monomer and dimer species rather than larger aggregates given the inherent line broadening and disappearance of the NMR signal with increasing molecular weight. At the time, it was noted that the quality of NMR spectra acquired for samples containing the Itk SH3-SH2 dual domain was poor, likely due to exchange broadening. We have subsequently revisited the aggregation state of the Itk SH3-SH2 fragment using native gel electrophoresis. As shown in Figure 1a (lane 2), a native gel corresponding to the wild type Itk SH3-SH2 fragment exhibits multiple bands consistent with the notion that SH3-SH2 intermolecular self-association leads to formation of multiple aggregated species. In a similar manner, full length Itk also produces multiple bands on a native gel (data not shown) suggesting that the intermolecular oligomerization of the SH3-SH2 dual domain fragment is retained in the full-length molecule. Thus, formation of multiple oligomerized species is consistent with NMR data for the Itk SH3-SH2 dual domain fragment that are adversely affected by both exchange broadening and the presence of high molecular weight species. Indeed, while NMR spectra of SH3-SH2 are sufficient for chemical shift mapping, further NMR work to solve the structure of the Itk SH3-SH2 fragment posed significant challenges due to poor spectral quality.
We found, however, that the intermolecular interaction can be recapitulated by expressing the single domains; purified Itk SH2 can be titrated into labeled Itk SH3 and chemical shift changes in the SH3 domain map the same surface as that of the dual domain interaction 27 . Likewise, purified Itk SH3 can be titrated into labeled Itk SH2 to map the SH2 side of the interaction. The quality of the NMR spectra in these single domain titrations is superior to that acquired for the dual domain. We therefore proceeded with structure determination of the binary complex formed by the singly expressed Itk SH3 and SH2 domains.
Two different strategies were initially employed to solve the structure of the Itk SH3/SH2 complex. We began by screening conditions for crystallography yet found none that produced crystals of the complex; likely due to the relatively low affinity of the interaction (the K d for the SH3/SH2 interaction is 670 μM 29 ). We therefore focused our efforts on structure determination by NMR. There has been great success in determining weak protein-protein interactions using conjoined rigid body/torsion angle simulated annealing 38; 39 . In fact, the structure of the extremely weak (~3000 μM) protein-protein interaction between Nck-2 SH3-3 and PINCH-1 LIM4 was recently solved using this technique 21 . This experimental method takes advantage of orientation restraints obtained from residual dipolar coupling (RDC) experiments and short distance restraints obtained from intermolecular NOEs. In addition, using starting structures for the individual domains that do not undergo a large conformational changes upon binding allows the calculation to be simplified by holding the atoms in the initial structures rigid but allowing for rotation and translation of the structures to minimize distance and orientation restraints. After this initial minimization, side chain residues at the interaction interface are given their full torsional degrees of freedom along with the rotational and translational degrees of freedom of the rigid bodies and the energy function is minimized to generate a final complex structure.
To solve the structure of the binary complex, distance restraints, orientation restraints, and starting structures of the individual Itk SH3 and SH2 domains were required. Distance restraints are obtained from the identification and assignment of intermolecular NOE restraints. Orientation restraints are obtained from RDC experiments that depend on the identification of one or several inert alignment media. Starting structures of the individual domains are obtained from selectively labeled NMR data on the bound binary complex. Additionally, we made use of the recently solved structure of the free Itk SH3 domain 40 and used RDCs to refine the previously solved structure of the unbound cis SH2 domain 28 . These unbound domain structures permitted direct comparisons between free and bound domains upon completion of the SH3/SH2 complex structure.
Two NMR samples containing 15 N/ 13 C labeled SH2 alone or 15 N/ 13 C labeled SH3 alone were prepared (Table 1-1, 1-2) . NMR samples containing the binary complex required special consideration during preparation. Based on previous experience with the Itk SH2 domain, a protein concentration above 5 mM is unstable due to precipitation over a short period of time. To avoid complications due to sample instability, two samples were generated containing 15 N/ 13 C labeled SH3 with reasonable excess unlabeled SH2 and 15 N/ 13 C labeled SH2 with the same excess unlabeled SH3 (Table 1 -5, 1-6) . This ratio of labeled to unlabeled protein resulted in a stable, labeled domain that was 77% bound as calculated following previously published methods 34 .
To assign intermolecular NOE restraints, two additional NMR samples containing unlabeled SH2 with excess 15 N/ 13 C labeled SH3 and unlabeled SH3 with excess 15 N/ 13 C labeled SH2 were generated (Table 1- 3, 1-4 ). For these samples, the ratio of labeled to unlabeled protein gave a labeled sample that was 35% bound. Thus, a total of six samples were generated for NMR data acquisition: unbound SH3 ( 15 N/ 13 While the majority of resonances in the NMR spectra of the SH3/SH2 mixture are in the fast exchange regime, we find that exchange broadening for the samples containing 77% bound protein prohibited observation of many of the crosspeaks thus hampering efforts to identify and assign intermolecular NOEs. A direct comparison of the NOESY data of W208 for the unbound, 35% bound, and 77% bound samples (Figure 1b) show the extent of line broadening due to exchange. Exchange broadening is evident in the NOESY strip for W208HZ2: the NOE between L329HA and W208HZ2 is clearly visible in the 35% bound sample but not seen in the 77% bound sample. In addition, the NOE between W208HZ2 and R332HG2 is broadened yet still visible in the 77% bound sample. For some NOEs, we find little effect from exchange broadening; for example, the NOE between W208HD1 and L329HA is similar for the 35% and 77% bound samples. Overall, the NOESY data acquired for unbound and 35% bound samples showed sufficiently narrow linewidths to permit complete identification and resonance assignment of intra-and intermolecular NOEs. We therefore obtained distance restraints for structure calculations of the bound SH3 and SH2 domains as well as intermolecular NOE restraints using data from the 35% bound sample and, when linewidths permitted, the 77% bound sample. The NOESY data obtained from free SH3 or SH2 domain provided a useful comparative tool for the identification of intermolecular NOEs defining the SH3/SH2 interface since intermolecular NOEs will be absent in these datasets (Figure 1b ).
To acquire orientation restraints from RDC experiments, a medium that induces weak alignment in the sample but does not otherwise interact with the protein complex of interest is needed. Due to differences in the isoelectric points for the two domains (4.3 versus 8.8, respectively for the Itk SH3 and Itk SH2 domains) and the large hydrophobic binding pocket on the SH3 domain, it was difficult to identify an alignment media that did not interact strongly with either the SH3 or SH2 domain. We found that despite its highly negative charge, Pf1 phage can be used in low concentration (8mg/ml) as an alignment media for the positively charged SH2 domain 41 , the SH3 domain, and the binary complex.
To obtain orientation restraints, we used residual dipolar coupling (RDC) data acquired from the fractionally bound NMR samples described in Table 1 to extrapolate RDC values for the structure calculation. The dipolar coupling values, D CAHA and D NH , for all structure calculations were determined from the difference between one bond scalar couplings recorded in a phage containing weakly aligned sample (giving J+D) and a no-phage non-aligned sample (giving J). The couplings for the completely bound complex, D bound , could not be measured directly and instead were calculated from the population weighted average couplings in the 35% and 77% bound samples using Equation 1 providing two estimates of the fully bound value 42 . The value of D bound used in structural calculation was the average of the corresponding values calculated from the 35% and 77% bound datasets.
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The binary complex structure was then calculated from the NOE-derived restraints and 58 orientation restraints derived from RDC experiments. The lowest energy structure obtained from conjoined rigid body/torsion angle simulated annealing was further refined using traditional non-rigid simulated annealing protocols 38; 43; 44; 45 .
Structural overview of the Itk SH3/SH2 binary complex
The structure of the binary SH3/SH2 complex is well defined ( Figure 2 and Table 2 Figure 1S in Supplementary Material). The bound Itk SH2 domain contains a central, three-strand antiparallel beta sheet sandwiched between two alpha helices and has a backbone RMSD (including all loops) from the refined unbound cis SH2 structure of 1.28Å 28 . The bound Itk SH3 domain contains two anti-parallel beta sheets that wrap around each other to form a beta barrel and has a backbone RMSD from the unbound SH3 structure of 0.98Å 40 . In each case the RMSD was calculated between energy minimized average structures. The C-terminus of the SH3 domain and the N-terminus of the SH2 domain (the termini covalently linking each domain to its adjacent domain in the SH3-SH2 dual domain fragment) protrude from opposite sides of the SH3/SH2 intermolecular complex ( Figure 3a) . The structure reveals that the Itk SH2 domain binds to the conserved SH3 binding pocket and the Itk SH3 domain interacts with the pY+3 binding pocket and CD loop of the Itk SH2 domain, consistent with previously reported chemical shift mapping and ligand competition data 27 . The interaction between Itk SH3 and SH2 domains does not involve the pY binding pocket on the SH2 domain ( Figure 3a ).
In the surface rendering of the SH3/SH2 complex ( Figure 3b ) it is evident that the larger SH2 domain clasps the edges of the SH3 domain binding groove. The CD and EF loops of the SH2 domain resemble the fingers and thumb, respectively of a hand clasping the ball shaped SH3 domain ( Figure 3b ). The BG loop lies in the central, back part of the interface in the view shown in Figure 3b . The binding interface between the Itk SH3 and SH2 domains has a total buried surface area of 1430 Å 2 ± 80. This is larger than the buried surface area reported for the ultra weak protein-protein interaction described by Vaynberg et al. (~480 Å 2 ) and is similar to the mean buried surface area of nine previously reported weak protein complexes (1386 Å 2 ± 214) 46 as determined by the protein-protein interface comparison server: PROTORP 47 .
At the outset of this work, we wished to understand why the cis imide bond containing SH2 conformer exhibits a greater affinity for the Itk SH3 domain than does the trans conformer 29 . Interestingly, the structure of the SH3/SH2 complex shows that Pro 287 itself does not make direct contact with the Itk SH3 domain (Figure 4a ). The structural differences between the cis and trans conformers of the unbound Itk SH2 domain are largest in the CD loop and backbone 15 N relaxation data for the cis and trans conformers showed that the CD loop in the cis conformer is more rigid than that in the trans conformer 28 . The CD loop in the cis imide bond containing SH2 conformer appears pre-organized to make several contacts to a hydrophobic patch on the SH3 domain. Three hydrophobic side chains on the SH2 domain CD loop, A281, I282 and I283, pack into a hydrophobic cluster on the SH3 domain surface comprised of the conserved aromatic residues, Y180 and Y225, as well as L179, C194 and V227 ( Figure 4b ). Superposition of the trans imide bond containing SH2 conformer with the corresponding cis SH2 domain in the SH3/SH2 complex demonstrates how these contacts are lost on isomerization of the 286-287 imide bond to the trans configuration. The different CD loop conformation in the trans SH2 domain results in a decrease of approximately 25% of the total buried surface area of the SH3/SH2 complex and concomitant loss of hydrophobic contacts between the SH2 and SH3 domains; the side chains of A281, I282 and I283 are solvent exposed and considerably more flexible in the trans conformer 28 (Figure 4 ).
Of the SH2 residues at the SH3/SH2 interface, the CD loop residues (A281, I282 and I283) lie farthest from the canonical phospholigand binding pockets of the SH2 domain, make extensive contacts to the SH3 domain across the interface, and as previously reported, I282 in particular serves to stabilize the cis SH2 domain 28 . For these reasons we explored whether a mutation in this region of the Itk SH2 domain might effectively abolish the intermolecular SH3/SH2 interaction without adversely affecting phospholigand binding. Using the singly expressed domains, we find that the mutant Itk SH2(I282A) domain causes no chemical shift perturbations when titrated into an 15 N labeled sample of Itk SH3 (data not shown) indicating no detectable interaction between SH3 and SH2(I282A). This result was then followed by incorporation of the I282A mutation into the Itk dual domain fragment (SH3-SH2(I282A)) and examination by native gel electrophoresis (Fig. 1a, lane 4) . Unlike the wild type SH3-SH2 dual domain (Fig. 1a, lane 2) , the single I282A point mutant in the Itk SH3/SH2 dual domain abolishes intermolecular self-association giving rise to a single band on the native gel.
For the I282A mutation to be a useful tool in disrupting Itk self-association for further functional studies, it must have a negligible effect on the phospholigand binding function of the Itk SH2 domain. We therefore measured the binding affinity of the Itk SH2(I282A) mutant to a classical phosphotyrosine containing ligand. Titration of a phosphopeptide derived from Slp76 (Ac-ADpYEPP-NH 2 ) into 15 N labeled SH2(I282A) was carried out to determine the dissociation constant for the mutant SH2/phosphopeptide interaction as previously described 29 . Unexpectedly, we found that mutation of isoleucine 282 to alanine in the SH2 domain caused a decrease in phosphopeptide binding affinity. The K d for phosphopeptide binding to the SH2(I282A) mutant is 1.0 ± 0.2 mM compared to a K d of 0.25 ± 0.2 mM for binding of the same phosphopeptide to the wild type SH2 domain 29 .
The structure of the Itk SH2 domain bound to this phosphopeptide ligand has been solved previously 26 and Ile 282 is, as mentioned above, located far from the peptide binding site. We presume therefore that altered domain dynamics rather than loss of direct contacts to the ligand might be the source of the observed affinity loss. Whatever the cause, this result underscores an important conceptual point regarding functional probing of Itk self-association. Targeted functional experiments to elucidate the significance of full length Itk self-association will require a minimal set of mutations that selectively alter/abolish intermolecular Itk selfassociation but have no measurable effect on the classical ligand binding activities of each domain. Such mutations would allow for activity assays or in vivo experiments using Itk variants that do not exhibit intermolecular clustering but retain all other functions, in particular the protein-protein interactions mediated by the various domains of Itk during signaling. Thus, while the I282A mutation appears to abolish intermolecular self-association of the dual domain SH3-SH2 fragment (Fig. 1a) , its negative effect on classical phospholigand binding means that this mutation cannot be incorporated into full length Itk to study self-association in a physiological context without also adversely affecting other signaling functions. The structure of the Itk SH3/SH2 complex solved here must therefore be probed more extensively to identify appropriately selective mutational tools for biochemical and cell biological experiments aimed at elucidating the functional significance of full length Itk self-association.
Comparison of Itk SH3/SH2 and the SH3/proline-rich ligand interfaces
In addition to hydrophobic contacts between the CD loop of the cis SH2 domain at one end of the SH3 binding cleft, the structure of the Itk SH3/SH2 complex also reveals some similarities to classical SH3 mediated proline-rich ligand binding. The well-characterized SH3 binding surface consists of three shallow pockets (denoted I, II and III) that typically contact three distinct regions of a proline-rich peptide ligand 6 . SH3 binding clefts I and II contact the two aliphatic-proline dipeptide units of the classical proline-rich ligand. In binding groove III, a conserved acidic site (E189 in Itk SH3) forms a salt bridge with a basic residue on the peptide ligand (Figure 5a ).
Side chains on the BG and EF loops of the Itk SH2 domain point into two of the Itk SH3 binding clefts that are separated by W208 (Figure 5b ). Contacts in the complex structure between Itk SH2 and the Itk SH3 domain in this region are consistent with earlier analysis showing the importance of the W208 side chain. Mutation of W208 in the Itk SH3 domain abolishes both proline ligand binding 25 and the interaction with the Itk SH2 domain 27 . To compare the side chain contacts between SH3 and SH2 domain to classical proline-rich ligand recognition by the SH3 domain, the SH3 domain of the Itk SH3/SH2 complex is superimposed with the Itk SH3/peptide ligand complex solved previously 25 . To visualize the interface more clearly, the Itk SH2 domain is removed with the exception of the EF, BG and CD loop residues (K309, R332, V330, T279 and A281) that point toward the Itk SH3 domain. Using this superposition, the similarities and differences between the proline-rich ligand (KPLPPTP) and the SH2 domain ligand for the Itk SH3 domain are illustrated in Figure 5c .
The most notable similarity is the correspondence between SH2 residue K309 in the EF loop and the lysine residue of the proline-rich peptide ligand that contacts binding pocket III. In binding pocket II, V330 in the SH2 BG loop coincides in space to the similarly large, hydrophobic leucine of the proline-rich peptide. In a departure from the proline-rich peptide sequence, the other SH2 residue on the BG loop that makes contact to binding pocket II is not proline, as found in a classical proline-rich ligand, but rather R332. The long arginine sidechain appears to extend along the surface of the SH3 domain with the guanidinium headgroup of R332 possibly forming a hydrogen bond with the side chain amide group of Asn 185 on the SH3 domain. Indeed, the dissociation constant measured for the Itk SH2(R332A) mutant and wild type SH3 domain is 1.8 mM, three fold weaker than the wild type interaction. In binding pocket I, the SH2 ligand deviates from the proline-rich peptide as the CD loop (including residues T279 and A281) veers slightly out of the well-defined SH3 cleft to participate in the hydrophobic contacts depicted in Figure 4 . Nevertheless, it is interesting to note that the SH2 ligand presents a threonine (T279) at a position that might mimic the threonine of the peptide ligand that contacts cleft I (Fig. 5c ).
Since the electrostatic interaction between a basic residue of the prototypical proline-rich peptide and the conserved acidic site on the SH3 surface (E189 in Itk SH3) plays an established role in mediating proline ligand binding 48; 49; 50 , we tested the contribution to binding affinity of both E189 and the basic side chain, K309 of SH2, that appears to mimic the canonical peptide. Curve fitting analysis of NMR data 34 obtained from the titration of unlabeled Itk SH2 domain into 15 N labeled Itk SH3 domain was carried out to measure the affinities of several SH3 and SH2 mutants (Figure 5d ). Three different combinations of mutants were tested and compared to the wild type SH3/SH2 interaction (K d = 0.67 mM). First, E189 in the SH3 domain was mutated to glutamine (SH3(E189Q)) to test the putative role of this conserved negative charge on the SH3 domain surface. Consistent with the structure of the SH3/SH2 complex, we find that the affinity of the Itk SH2 domain for the SH3(E189Q) mutant drops significantly (K d = 2.05 mM). Likewise, mutation of K309 in the SH2 domain, predicted from the structure to interact with E189, results in a similar loss of binding affinity for the wild type SH3 domain (K d = 1.85 mM). Based on these data, we tested the interaction further by introducing a positive charge at position 189 in the SH3 domain (SH3(E189K)) and a corresponding negative charge at position 309 in the SH2 domain (SH2(K309E)). The complex formed by these swapped mutants exhibits a tighter binding affinity (K d = 1.08 mM) than either of the single mutants alone. While the affinity does not reach wild type levels, the fact that these mutations improve binding compared to each of the single mutants is consistent with there being a stabilizing electrostatic interaction between E189 and K309 as suggested by the SH3/SH2 complex structure ( Figure 5 c,d ).
Of particular interest with respect to contacts between SH2 BG loop residues (R332 and V330) and cleft II of the Itk SH3 domain, are the striking similarities in this region with another SH3/ protein complex. The Sla-1 SH3 domain binds ubiquitin and the structure of this protein-protein complex has been solved (pdbcode 2JT4) 44 (Figure 5e ). The position and orientation of Itk SH2 residues R332 and V330 correspond quite well to ubiquitin side chains R42 and V70. This region of similarity between these two SH3 mediated protein complexes suggests some generality in the manner by which SH3 domains recognize their non-proline rich protein targets.
The Itk SH3/SH2 complex structure also provides a structural interpretation for previously reported mutational data 51 . Following T cell activation, Itk autophosphorylates Y180 in its own SH3 domain creating a highly negatively charged patch on the domain's surface 1 . From the structure reported here, we can see that the Y180 side chain points directly at the SH2 domain in the binary complex and in particular wraps around the backside of the CD loop (Figure 4b) . In earlier mutational analysis, we found that mutation of Y180 to glutamate, used to mimic a phosphotyrosine, leads to a six-fold increase in the affinity of the SH3 domain for Itk SH2 51 . This result suggests that introducing a negative charge at this position of the SH3 domain stabilizes the SH3/SH2 interaction. We therefore modeled a phosphate group onto Y180 in the SH3 domain and find that in the Itk SH3/SH2 complex, the side chains of two basic SH2 residues, K280 and N286, lie within reasonable donor/acceptor distance from the phosphate oxygens on pY180 ( Figure 6 ). We tested this model by further mutagenesis.
Based on the model shown in Figure 6 , mutation of either K280 or N286 in the SH2 domain to alanine should reduce the affinity of the Y180E SH3 domain for the SH2 domain by removing potential hydrogen bond partners. Since the relative population of cis and trans SH2 domain also affects the affinity for the Itk SH3 domain 29 , we first examined the cis/trans ratio of the mutant and wild type Itk SH2 domains. Cis/trans ratio can be readily measured by comparing peak volume for cis versus trans crosspeaks in an HSQC spectrum of the SH2 domain 28 . The population of cis and trans wild type Itk SH2 domain is 40% and 60%, respectively. For the K280A mutant we find no change in the cis/trans ratio compared to wild type but the N286A SH2 mutant exhibits a reduction in the cis population to 17% cis and 83% trans (data not shown). We cannot test the N286A SH2 mutant for binding to SH3 (Y180E) without introducing another variable, namely reduction of cis population in the SH2 equilibrium ensemble and associated loss of affinity for SH3 by that virtue alone 29 . We therefore proceeded with the more straightforward K280A SH2 mutant and tested binding to the Itk SH3 (Y180E) phosphotyrosine mimic.
Binding affinity of the K280A SH2 mutant for the Itk SH3 Y180E mutant was measured as before 34 ; 51 by titration of unlabeled Itk SH2 (K280A) mutant into 15 N labeled Itk SH3 (Y180E) (Figure 6c ). Consistent with a putative interaction between K280 and a negatively charged residue at position 180 in the SH3 domain (Figure 6b) , loss of the basic lysine sidechain in the Itk SH2 domain results in a loss of binding affinity to the phosphomimic, Itk SH3(Y180E) (Figure 6 c&d) . In fact, the affinity of SH3(Y180E) for the Itk SH2 domain drops ten fold upon mutation of K280 and is below that of the interaction between the wild type SH3 and SH2 domains (Figure 6d ). The titration data and the structure of the Itk SH3/SH2 complex therefore support the idea that autophosphorylation within the Itk SH3 domain stabilizes the selfassociated form of this protein by enhancing the affinity of the intermolecular SH3/SH2 interaction. These findings certainly need to be pursued in the context of the phosphorylated Itk SH3 domain, but suggest that pY180 might interact with K280 alone or with both K280 and N286 across the SH3/SH2 interface.
Discussion
The Itk SH3 and SH2 domains have been implicated in a number of different interactions 25; 27; 51; 52; 53; 54; 55; 56 . Here we report the three dimensional structure of a direct intermolecular interaction between these two Itk regulatory domains. The structure of the SH3/SH2 complex reveals precisely how the cis prolyl imide bond at position 287 in the SH2 domain pre-organizes the large CD loop to contact the SH3 domain (Figure 4 ) and the structure suggests specific inter-domain contacts that might stabilize the SH3/SH2 interaction following autophosphorylation at Y180. As well, we have discerned several other specific contacts across the interface that contribute to binding. Comparison with other structures, such as classical proline ligand recognition and the Sla1/ubiquitin complex, suggests generalities in SH3 mediated protein interactions ( Figure 5 ).
The structure of the binary SH3/SH2 complex, in conjunction with native gel electrophoresis, allows us to begin to visualize how larger fragments and even full length Itk might interact with itself intermolecularly. The Itk SH3-SH2 dual domain fragment does not form simple dimers but rather is a heterogeneous mixture of oligomers. This observation is consistent with the structure of the binary SH3/SH2 complex solved here. Grafting an SH3 domain onto the amino-terminus of the SH2 domain and likewise extending the carboxy-terminus of the SH3 domain to include the SH2 domain, suggests that a head-to-tail dimer arrangement of the SH3-SH2 dual domain fragment would not be sterically feasible (Fig. 7) . Instead, the model of the dual domain that emerges from simply extending the binary SH3/SH2 structure suggests that each Src homology domain interacts with a target domain from a different Itk molecule (Fig.  7) . This is consistent with the formation of different sized SH3-SH2 oligomers, or polymerization, as is evident on the native gel (Figure 1a ).
Extending the model slightly we can place the other Itk domains (PH-TH and Kinase) onto this dual domain model based on the location of the amino-terminus of the SH3 domain and the carboxy-terminus of the SH2 domain. Albeit an incomplete picture of full length Itk at this point, it seems noteworthy that the PH domains of different Itk monomers could extend in the same direction from the N-termini of the SH3 domains in the context of the self-associated species. This is important since Itk clustering has thus far been observed in vivo at the membrane (rather than in the cytosol) 37 and so the PH domain of each monomeric unit of the oligomer must be able to extend toward the membrane surface to engage its ligand. As well, PH domain intermolecular self-association has been reported 30 and thus, the arrangement of the PH domain protruding on the same side of the SH3 domain in each Itk molecule would allow for PH/PH domain interactions.
The structure of the Itk SH3/SH2 complex does not by itself provide direct insight into the functional significance of Itk oligomerization. As already discussed, it does provide a valuable tool to begin to design targeted mutations that disrupt self-association in full length Itk for the purpose of understanding how these intermolecular interactions modulate Itk signaling. To this end, mutations must be identified that abolish the SH3/SH2 intermolecular interaction while maintaining classical SH3 and SH2 ligand binding properties. It is also likely that this approach will need to be extended to the other Itk domains (such as PH) that contribute to intermolecular self-association. Indeed, native gel electrophoresis suggests that disrupting the SH3/SH2 interaction (I282A mutation) in the context of full length Itk does not fully abolish Itk selfassociation (data not shown) and this is consistent with reports of the Itk PH domain interacting with itself in an intermolecular fashion 30 .
In addition to setting the stage for targeted mutations to assess the functional outcome of Itk clustering in T cells, the structure reported here provides yet another example of the broader binding functions of the ubiquitous SH3 and SH2 domains. Add the Itk system to the many examples that have now been characterized demonstrating alternative SH3 and SH2 mediated binding 10; 11; 12; 13; 18; 19; 20; 57; 58; 59; 60; 61; 62 and we see that our original notions of simple target sequences for these ubiquitous Src homology domains, while correct, do not represent the complete story.
One comparison in particular stands out. A well-studied example of a direct regulatory interaction between an SH3 and SH2 domain is that of the SAP SH2 and Fyn SH3 domains mediating formation of the SLAM immune receptor complex 10; 16 . Like the Itk SH3/SH2 complex reported here, the SAP SH2/Fyn SH3 complex involves neither a proline-rich sequence nor a phosphotyrosine motif. In a manner similar to the Itk SH3/SH2 complex, the surface of the Fyn SH3 domain that binds SAP SH2 overlaps with the classical proline ligandbinding site. The SH3 interaction interfaces are not exactly the same; the Itk SH2 domain overlaps to a greater extent the canonical proline-binding site on its partner SH3 domain than does the SAP SH2 when binding to Fyn SH3 (Fig. 8a) . The manner by which each SH2 binding partner is engaged by the Itk and Fyn SH3 domains is completely different (Fig. 8b,c) . As discussed in detail above, the Itk SH3 domain contacts the CD, BG and EF loops of its cognate SH2 domain. In contrast, the Fyn SH3 domain contacts the βF strand, the base of the B helix and the loop connecting these two regions of secondary structure within the SAP SH2 domain. Thus, not only do SH3 and SH2 domains participate in a diverse set of non-classical interactions, even when these binding domains interact directly with each other there appears to be a significant degree of diversity.
The functional role of each of these interactions must be fully understood to appreciate the reasons for the observed diversity. For the Fyn/SAP complex, it has been clearly established that the interaction serves to activate the Fyn kinase while co-localizing Fyn to the SAP/SLAM complex 10; 16 . Thus, the mechanistic picture in this case is consistent with the fact that phospholigand binding to the SAP SH2 domain does not compete with the interaction between SAP SH2 and Fyn SH3. For the Itk SH3/SH2 interaction, phospholigand binding to the Itk SH2 domain is instead mutually exclusive with binding of Itk SH3 to the SH2 domain 27 . Hence, it seems likely that the functional significance of the intermolecular Itk interaction might coincide with states of the enzyme that do not require phospholigand association (i.e. not the activated state 63 ). The structure of the binary Itk SH3/SH2 complex reported here is a first step toward deciphering precisely if and how intermolecular Itk association regulates activity and localization during T cell signaling.
Materials and Methods

NMR Sample Preparation
Protein expression and purification techniques were performed as described 27 . NMR samples consisted of the free domain, 35% bound, and 77% bound for both labeled Itk SH2 and Itk SH3 domains (Table 1) in 50 mM NaPO 4 , 75 mM NaCl, 2 mM dithiothreitol (DTT), 5% D 2 O, and 0.02% (w/v) NaN 3 at pH 7.4. The extinction coefficient (ε) at 280 nm and isoelectric point (pI) were calculated using ExPASy (Expert Protein Analysis System) for the Itk SH3 (pI=4.3, ε= 19940 mM -1 cm -1 ) and Itk SH2 (pI = 8.8, ε= 20400 mM -1 cm -1 ) domains.
NMR Spectroscopy
All NMR spectra were collected at 298K on a Bruker AVII 700 spectrometer equipped with a 5mm HCN z-gradient cryoprobe operating at a 1 H frequency of 700.13 MHz. Chemical shift assignments and NOE correlations for the free and bound Itk SH3/Itk SH2 structures were analyzed using CARA 64 as previously reported 40 . Chemical shift assignments were elucidated for all structures from double and triple resonance experiments: CBCA(CO)NH, HNCACB, HBHA(CO)NH, HBHANH, HNCO, (HB)CB(CGCDCE)HE, (HB)CB(CGCD)HD, and HCCH-TOCSY, along with a 3D 15 N-edited TOCSY and 2D homonuclear TOCSY. Data were collected and independent assignments were made for the 35% and 77% bound samples (Table  1) since there were chemical shift variations among these samples due to fast exchange. NOE correlations were obtained from a 2D homonuclear NOESY, 3D 13 C-edited aliphatic NOESY, 3D 13 C-edited aromatic NOESY, and 3D 15 N-edited NOESY spectra. All NOESY experiments were acquired with a mixing time of 100 ms. NOEs from each NOESY spectrum were binned into four categories: very weak, weak, medium, and strong with a total percent NOE restraint ratio of 20:30:30:20. The corresponding structural restraints have bounds of 1.8-6.0Å, 1.8-5.0Å, 1.8-3.3Å (3.5Å for amide groups), and 1.8-2.5Å (2.7Å for amide groups), respectively. To account for the higher intensity of NOEs involving methyl groups 0.5Å was added to each of these restraints with an upper bound no greater than the very weak upper bound limit of 6.0Å. IPAP 1 H- 15 N correlation experiments and 3D HNCA E-COSY 15 N- 13 C experiments were performed to measure residual dipolar coupling constants. Weak anisotropic alignment was achieved through the addition of 8 mg mL -1 of Pf1 phage (ASLA BIOTECH Ltd) 65; 66 . The quality of all structures was evaluated using PROCHECK_NMR 67 and WHATCHECK 68 .
Unbound Structure Calculations
The unbound Itk SH3 structure used for comparison to the bound complex was recently reported 40 . The previously solved structure of the unbound cis imide bond containing SH2 conformer 28 was refined with the addition of RDC restraints from IPAP 1 H-15 N correlation experiments. RDC data from 3D HNCA E-COSY 15 N- 13 C experiments could not be measured for the SH2 domain in both unbound and bound samples due to line broadening from exchange. Previously reported NOE restraints were verified and NOE restraints were generated in CARA from the newly acquired data. Hydrogen bond and torsion angle restraints from the previous unbound cis SH2 domain structure calculation were used unmodified. The refined unbound cis conformer of the Itk SH2 domain was calculated using simulated annealing in XPLOR-NIH with NOE, hydrogen bond, RDC, and torsion angle restraints. Ramachandran plot statistics in the core, allowed, generously allowed, and disallowed regions for residues in the average structure are 77.9%, 12.6%, 7.4%, and 2.1% respectively. The backbone (N, Ca, C') and heavy atom RMSD is 0.89Å and 1.57Å respectively.
Individual Bound Structure Calculation
The individual bound structures of Itk SH2 and Itk SH3 were calculated independently using NOE, RDC, and torsion angle restraints. Initial estimates of alignment tensor terms D a (axial symmetry) and R (Rhombicity) for the bound structures were calculated via SVD (singular value decomposition) using the average minimized unbound structures of Itk SH2 and Itk SH3. The Da and R values of -11.00 and 0.3 respectively used in the bound structure calculations of SH2 and SH3 were calculated by a grid search of tensor terms around the initial estimate determined by SVD. Dihedral angle (φ, ψ) restraints were obtained from a large structural database using PREDITOR 69 . Chemical shifts from the more completely assigned 35% bound data set were used as input to PREDITOR. Bounds of ± 60° were chosen to allow for variability in calculated torsion angle restraints that may arise in chemical shift differences of the fully bound assignments and the 35% bound assignments.
Itk SH3/SH2 Complex Structure Calculation
The binary complex was determined from the bound domain structures in XPLOR-NIH using conjoined rigid body/torsion angle dynamics based on 59 intermolecular NOE distance constraints (depicted on the complex structure in Figure 2S ; Supplementary Material) and 58 D NH RDC constraints. Intermolecular NOEs were obtained by comparing 3D 13 C-edited aliphatic NOESY, 3D 13 C-edited aromatic NOESY, and 3D 15 N-edited NOESY spectra of bound and unbound samples. The intermolecular NOEs were manually assigned and binned. Distant restraints associated with the strong, medium and weak NOES were generated with upper bounds of 3.5, 4.7 and 5.5 Å, respectively. In this calculation, the bound structures are held rigid except for residues found at the interface. Interfacial residues were determined as those exhibiting all three of the following criteria: (a) significant chemical shift perturbation upon binding, (b) solvent exposure and (c) forming a contiguous surface 38 . Criteria (b) and (c) were assessed by visual inspection of a space-filling representations of the domain structures. For Itk SH3 residues 179-185, 188-189, 205-208, 220, 222-225, and 227-228 and for Itk SH2 residues 258-260, 278-292, 326-332 comprised the flexible interfacial residues. A lowest energy structure from the calculation was chosen as an initial structure for further refinement using simulated annealing. Ramachandran plot statistics in the core, allowed, generously allowed, and disallowed regions for residues in the average structure are 70.2%, 25.2%, 2.6%, and 2.0%, respectively. The average backbone RMSD (N, Ca, C') is 0.68 Å and average heavy atom RMSD is 1.28 Å ( Table 1 ). The average buried interfacial surface area calculated from the twenty lowest energy structures of the SH3/SH2 binary complex was determined using NACCESS 70 . The portion of the interaction surface that corresponds to the transient CD loop of the SH2 domain was calculated from the individual contributions of residues 279, 280, 281, 282, and 283 to the interaction surface.
Native Gel Analysis
Native gels were run as described previously 71 . Briefly, purified Itk wild-type or mutant SH3SH2 domain was mixed in a 1:1 ratio with native gel loading dye. The proteins were loaded on a 10 % discontinuous native gel and run at 180V with Tris Cl pH 8.8 as the running buffer. BSA was used as the standard. The gels were then stained with Coomassie stain.
Structural Comparison and Alignment
All alignments of unbound structures with the binary complex were performed in PyMol 72 between backbone atoms (C', Cα, N) and residues 235-335 for the Itk SH2 domain and residues 173-229 for the Itk SH3, respectively. To ensure all backbone atoms are included, the align command was performed with zero cycles of refinement. Similar alignments were made between the Itk SH3 domain of the Itk SH3/SH2 complex with the Sla-1 SH3/ubiquitin complex and the SAP/Fyn complex.
To model pY180 in the Itk SH3 domain, the phosphotyrosine in the phosphopeptide ligand of Itk SH2/pY ligand complex structure was aligned with Y180 in the Itk SH3/SH2 complex structure. This aligned phosphotyrosine residue was used to represent the pY180 phosphorylated form of the SH3/SH2 complex structure.
NMR Titrations
Point mutations for the titrations were generated using the Quick change Site-Directed Mutagenesis kit (Stratagene). NMR titrations were carried out as described 29; 33; 34 where unlabeled protein was incrementally added to a 400 μM 15 N-labeled protein sample. After each addition, the changes in chemical shift of resonances in a 1 H-15 N HSQC were recorded. Chemical shift perturbations were determined significant if the change in the position of a crosspeak was greater than the average of all crosspeak change plus one standard deviation. 
Percent Cis/Trans Calculation
Cis/trans isomerization of the Asn 286-Pro 287 imide bond is in the slow exchange NMR regime resulting in two distinct cross-peak resonances for approximately a third of the residues in a 1 H/ 15 N HSQC of the Itk SH2 domain. The ratio of cis/trans conformers for wild type Itk SH2, SH2(K309E), and SH2(K280A) was calculated from well resolved cross-peaks of the following residues: 256, 258, 260, 278, and 290. The fraction of SH2 domain that adopts the cis conformer expressed as percent is calculated by taking the intensity of a crosspeak that corresponds to the cis conformer, dividing by the sum of the crosspeak intensities of the cis and trans conformers, and multiplying by 100. The percent of SH2 domain containing the trans imide bond conformation is calculated in the same way.
Accession Codes
The RCSB PDB accession codes for 20 lowest energy structure ensemble and average minimized structure are 2K7A and 2K79, respectively. The BMRB accession number is 15912.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Cis/trans isomerization of the Itk SH2 domain affects contacts between SH2 and SH3 domains. Comparing the Itk SH2 ligand with the classical proline-rich ligand for SH3 domains. (a) Schematic of classical SH3/ligand interaction. Proline-rich ligands (such as the KPLPPTP sequence shown here) make contacts to three distinct binding clefts on the SH3 domain, labeled I, II and III. The lysine and leucine ligand residues are circled since they appear to be most closely mimicked by residues of the Itk SH2 domain. (b) Structure of the Itk SH3/SH2 complex highlighting interface residues in the EF, BG and CD loops of the SH2 domain (side chains labeled and shown in red). Also shown in this structure are the sidechains of two highly conserved SH3 residues, W208 and E189, which contact both proline-rich ligands as well as the bound SH2 domain in this structure. (c) Structural comparison of the SH2 ligand and a proline-rich ligand bound to the Itk SH3 domain. The view in (b) is rotated to view straight into the SH3 binding surface and then the SH2 domain is removed for clarity leaving only five SH2 residues at the interface (K309, R332, V330, T279 and A281 in red). In addition, the structure of the Itk SH3 domain bound to a canonical ligand (pdbcode 1AWJ) is superimposed with the Itk SH3 domain in the SH3/SH2 complex. For clarity the Itk SH3 domain in the proline/ SH3 structure is not shown and the proline-rich ligand is depicted in blue with side chains labeled: Lys, Leu, Pro, Thr, Pro. The conserved E189 is outlined with a dashed line and highlighted in blue on the teal surface of the Itk SH3 domain. (d) Increasing concentration of unlabeled Itk SH2 domain was titrated into 15 N labeled Itk SH3 domain. 1 H-15 N HSQC spectra were obtained after addition of each aliquot of SH2 ligand. Binding curves were generated by plotting the normalized concentration dependence of amide chemical shifts for several different residues. Dissociation constants (K d ) were derived from binding curves shown as described in Methods. The pairs of SH3 and SH2 domains for each titration are: Δ wild type SH3/wild type SH2; · SH3 (E189Q)/wild type SH2; ◇ wild type SH3/SH2(K309E); SH3(E189K)/SH2 (K309E). (e) Comparison of the Itk SH3/SH2 interface with the Sla-1 SH3/ubiquitin interface. Overlay of the Itk SH3(teal)/SH2 (dark gray) complex and the complex of Sla-1 SH3 (white)/ ubiquitin complex. After alignment of only the SH3 portions of each complex, residues R332 and V330 of Itk SH2 (red) correspond very well with residues R42 and V70, respectively of ubiquitin (green) despite the very different tertiary structures of the Itk SH2 domain and ubiquitin. The conserved tryptophan in each SH3 domain are shown (Itk SH3 is teal, Sla1 SH3 is gray) and labeled. Model of Itk oligomerization. Two copies of the binary SH3/SH2 complex structure are shown using the same color scheme as in other figures. The amino-terminus of each SH2 domain is then connected (using a dotted line) to the carboxy-terminus of the Itk SH3 domain (labeled SH3-SH2 linker), the carboxy-terminus of each SH2 domain is extended toward the Kinase domain (labeled SH2-Kinase linker) and the amino-terminus of each SH3 domain is extended toward the PH-TH domains. Thus, one monomeric unit of Itk consists of PH-TH-SH3-SH2-Kinase. Three such Itk units are shown and the interaction interface between SH3 and SH2 domain is labeled. The SH2 and SH3 binding sites of the SH3 and SH2 domains, respectively, at each end of the oligomer are circled to suggest further interactions are possible. 
